Aging and Inhibition Deficits: Where are the Effects?
Aging has broad but not universal effects on cognitive performance. One popular explanation for why some but not all aspects of memory, language and attention decline in old age (e.g., Burke & MacKay, 1997; McDowd & Shaw, 2000) is that inhibitory processes become less efficient with aging (e.g., Hasher, Zacks & May, 1999; Zacks & Hasher, 1997) . Inhibition is conceptualized as a process that regulates attention and the contents of working memory, thereby affecting cognitive performance broadly, including the ability to focus attention, comprehend and produce language, solve problems, and learn new information (Zacks & Hasher, 1994; West, 1996) . Cognitive operations that do not involve inhibitory processes or that are automatic, operating with little cognitive control, are postulated to be well maintained in old age (e.g., Zacks & Hasher, 1997) . This inhibition deficit model of aging (ID model) has been applied to adult age differences in a broad range of cognitive performance from early perceptual processing of stimuli, e.g., inhibition of competing words activated during spoken word recognition (Sommers & Danielson, 1999) , to higher-level processing such as the regulation of topic in conversation (Arbuckle & Gold, 1993) . Unfortunately, however, researchers rarely developed the ID model in light of their findings. Hasher and Zacks have been primarily responsible for advancing the model by specification and elaboration of the theory in response to recent findings (e.g., Lustig, Hasher & Zacks, in press ).
The strongest support for a scientific theory comes when it withstands vigorous attempts to falsify it. Although scientists seem to practice this Popperian principle rarely with respect to their own theories, they do practice it in their efforts to disconfirm other people's theories (Higgins, 2004) . The principle of falsifiability is an essential component of theory development, and it requires that a theory be testable; it is this aspect of the ID model that is the focus of this Burke & Osborne 3 chapter. The ID model has been productive in generating predictions that have been tested in a valuable collection of cognitive aging studies. These studies provide information about how to measure inhibition and its development during adulthood. Although the viability of inhibition as a cognitive process in general has been scrutinized (e.g., Gorfein & MacLeod, in press; Tipper, 2001) , there has been less critical evaluation of theories of inhibition deficits in cognitive aging (but see Burke, 1997; McDowd, 1997) . We evaluate here two aspects of the evidence from cognitive aging research testing the ID model.
The first issue we address is whether or not the ID model has been adequately revised in response to disconfirmatory data, that is, predicted results that have consistently failed to materialize. We consider findings on negative priming as an example. The second issue we address concerns research that produced confirmatory results, but ignored the impact of more fundamental mental processes on performance. Relevant here is the argument of MacLeod, Dodd, Sheard, Wilson & Bibi (2003) : "…in most cases where inhibitory mechanisms have been offered to explain cognitive performance, non-inhibitory mechanisms can accomplish the same goal…" (p. 203). We focus on the role of fundamental non-inhibitory mechanisms, namely, sensory and perceptual processes, that show universal declines with aging. We consider evidence that age-related declines in these processes are responsible for age differences in cognitive performance that have been consistently attributed to inhibition deficits.
The ID theory has become a popular explanation for empirical findings and our goal here is not to widen further the scope of performance attributed to inhibition deficits. Rather, the goal is to motivate revision of the model in response to incompatible findings, and to motivate more rigorous evaluation of the model that considers confounding factors in behavioral measures. This
Burke & Osborne 4 approach attempts to shed confirmatory biases, and seems essential if we are to know what ID theory can contribute to our understanding the fundamental mechanisms of cognitive aging.
In their development of the ID model, Hasher, Zacks and their colleagues have emphasized the role of theoretical inhibition in controlling the content of selective attention and working memory. They argue that age-related declines in the efficiency of inhibition allow irrelevant information to clutter working memory, with negative consequences for attention, memory and language processing. We focus primarily on the access function of inhibition which controls the activated representations that are selected for attention (Hasher et al., 1999) . In the ID model, inhibitory processes keep non-relevant representations out of attention and working memory. Hasher and Zacks view inhibition as a controlled attentional process that occurs after automatic activation processes during the access function. For example, spreading activation and inhibition postulated during lexical selection in some language processing models is automatic and thus not relevant to ID (e.g., Zacks & Hasher, 1997) .
When Predictions Fail: The Case of Negative Priming
One of the most vigorous evaluations of inhibition deficits in old age is the investigation of negative priming effects in a selective attention task. In the negative priming paradigm, the task is to identify a target stimulus (e.g., a letter, word or picture) as rapidly as possible and ignore a distracter stimulus usually distinguished from the target by color or location. Negative priming effects occur when the distracter becomes the target on the succeeding trial and response latency to it is delayed compared to a control condition where the target is not the distracter from the previous trial. The initial and dominant interpretation of this delay in latency is that selection of a target includes inhibition of distracters as irrelevant information (e.g., Neill, 1977; Tipper, 1985) . Under this theoretical approach, the distracter in the negative priming paradigm is Burke & Osborne 5 inhibited on the initial trial as part of the process of selecting the target and the inhibition lingers to the next trial when the distracter becomes a target. The residual inhibition slows processing of the target, delaying the response (Hasher, Stoltzfus, Zacks & Rypma, 1991; McDowd, 1997; Tipper, 1985) . Within this theoretical framework, negative priming is an empirical measure of the strength of the theoretical process of inhibition during selective attention. Indeed, some researchers proposed negative priming as the best direct index of inhibitory functioning (Kane, May, Hasher, Rahhal & Stoltzfus, 1997; May, Kane & Hasher, 1995) .
When the negative priming paradigm was used to test the ID model of cognitive aging, the initial results showed reduced or no negative priming effect for older adults, as predicted by the model. These findings were taken as evidence that older adults were less able than young adults to inhibit distracters (e.g., Hasher et al. 1991; McDowd & Oseas-Kreger, 1991; Tipper, 1991) . It was concluded that older adults' inhibition deficits weakened or eliminated their negative priming effects and that this was a general phenomenon that was independent of the nature of the target (May et al., 1995) .
There were, however, wrinkles in the results from negative priming studies even in the early 1990's in terms of support for a global ID aging model (for a review see McDowd, 1997) .
First, some studies reported diminished negative priming effects for older adults compared to young adults when the target had the same identity (name) as the distracter on the previous trial, but no age differences in the magnitude of negative priming effects when the target appeared in the same location as the distracter on the previous trial (e.g., Connelly & Hasher, 1993) .
Proponents of the ID model of aging handled this dissociation of aging effects by proposing two separate inhibitory systems, one for location and one for identity, with only the latter vulnerable to aging (Connelly & Hasher, 1993) . Burke & Osborne 6 A fundamental role of inhibition within an inhibition model is to reduce behavioral interference from irrelevant information by preventing its access to attention or working memory (Hasher et al., 1999) . This theoretical principle predicts that as inhibition of distracters increases, interference from distracters decreases. Behaviorally, this predicts that the size of the negative priming effect will be negatively correlated with the interference from the distracters. This interference can be measured as the difference in target identification time between conditions where targets are presented without distracters and conditions where targets are presented with distracters. A second wrinkle is that the predicted negative correlation between negative priming and interference was obtained in some studies of young and older adults (Earles et al, 1997; Sullivan & Faust, 1993) but not others (Connelly & Hasher, 1993; Kramer, Humphrey, Larish, Logan, & Strayer, 1994; Stoltzfus, Hasher, Zacks, Ulivi & Goldstein, 1993) . In response to this failure to find the predicted relation between inhibition and interference, it was proposed that inhibition is not involved in selection of the target but rather serves a post-selection process:
Inhibition of distracters develops after selection of the target is completed and functions to keep the distracters out of attentional focus (May et al 1995; Stoltzfus et al., 1993) . The ability to identify and respond to the relevant target rather than the irrelevant distracters during selection is accomplished by some non-inhibitory but unspecified mechanism. This raises the unanswered question of why this unspecified mechanism is not also responsible for maintaining the postselection attentional focus, rather than an additional inhibitory process.
These early wrinkles were perhaps a harbinger of the results of subsequent experiments that failed to find age differences in negative priming, based on either target identity or target location (e.g., Gamboz, Russo & Fox, 2000; Grant & Dagenbach, 2000; Kieley & Hartley, 1997; Kramer et al., 1994; Schooler, Neumann, Caplan & Roberts, 1997; Sullivan & Faust, 1993 ). An Burke & Osborne 7 initial meta-analysis including experiments reported through 1996 showed significant negative priming effects in both young and older adults, but a slightly smaller effect size for older adults than young adults (Verhaeghen & De Meersman, 1998a) . In a more recent meta-analysis, Gamboz, Russo and Fox (2002) used 36 experiments published through 2000 including 16 experiments not available for the earlier meta-analysis; they found no age difference in the effect size for negative priming. Using a second approach, Gamboz et al. (2002) also conducted a regression analysis testing the relation between response times in the negative priming and the control conditions for young and older adults. Figure 1 shows latency in the negative priming condition as a function of latency in the control condition for both age groups as reported by Gamboz et al. ( We added the zero intercept function, slope = 1.0, for comparison.) Negative priming effects are seen in the data points that lie slightly above the zero intercept, slope = 1.0 function; there is no discernible age difference in these points. Gamboz et al reported that the data was well described by a linear model (intercept = -20.3, slope = 1.06, R 2 = .992) and the addition of age and the age by condition interaction term did not improve the fit. Thus, neither of two different meta-analytic approaches provided support for age differences in the magnitude of negative priming effects (see Verhaeghen & Cerella, 2002 for similar conclusions).
In response to findings of age invariant negative priming effects, proponents of the ID model re-visited the role of inhibition in negative priming. Neill and colleagues had previously proposed an alternative account of negative priming effects, namely that they are caused by episodic retrieval of the representation of previous experience with the target Neill, Valdes, Terry & Gorfein, 1992) . When that representation includes the target stimulus as a distracter that was ignored, this conflicts with a response to the stimulus as a target on the current trial, slowing RT. Kane et al. (1997) argued that this episodic retrieval mechanism
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replaces the inhibition mechanism under certain experimental conditions and this explains the inconsistency in reports of age-related differences in negative priming: Older adults show reduced negative priming effects when inhibition is involved and show age-invariant negative priming effects under specific experimental conditions that encourage episodic retrieval rather than inhibition (see also Zacks & Hasher, 1997) . For example, increasing the percentage of successive trials using the same stimulus as the target would encourage an episodic retrieval mechanism because it would benefit processing under these conditions, according to Kane et al. They demonstrated that when 40% of trials had the same target on successive trials -a condition favoring episodic retrieval -negative priming effects were age invariant. In a prior experiment with the same stimuli but no repeated targets on successive trials, older adults had shown no negative priming effect.
An episodic retrieval mechanism, however, seems inauspicious as an explanation of age constancy in negative priming. First, declines in episodic memory with aging are consistently observed and have been attributed to age-related declines in binding target information to its context (e.g., Burke & Light, 1981; MacKay & Burke, 1990; Naveh-Benjamin, 2000) , even for very short-term memory (Hartman & Warren, 2005) . A mechanism depending on binding an item to its distracter status seems an unlikely candidate for providing age-invariant performance.
Second and more importantly, results do not support the proposal that age differences in negative priming are found under conditions favoring inhibition but not under conditions favoring episodic retrieval. As McDowd (1997) pointed out, age invariance in negative priming effects have been found under conditions that according to Kane et al. (1997) favor an inhibitory mechanism rather than an episodic memory mechanism, namely, no repetition of targets on successive trails (Buchner & Mayr, 2004; Kieley & Hartley, 1997; Schooler et al., 1997) . Indeed, Burke & Osborne 9
Grant and Dagenbach (2000) observed equivalent negative priming effects for young and older adults under the same conditions used by Hasher et al. (1991) who reported negative priming effects for young but not older adults and attributed the age difference to age-related declines in inhibition. Buchner and Mayr (2004) recently reported age-invariant negative priming effects for young and older adults in an auditory target identification task for which there was independent evidence that selection involved suppression of distracters. In a previous experiment (Buchner & Steffens, 2001 ) the identification task was alternated with a temporal order judgment task:
Participants made a temporal order judgment for two tones on trials that alternated with the identification task in which they identified a target tone and ignored a distracter tone. In the temporal order task, the probability of selecting a tone as coming first was reduced when it had been the distracter on the prior trial. This is consistent with distracter inhibition which delays processing of the same tone when it is a target on the next trial (Buchner & Steffens, 2001 ). Thus the observed age invariant negative priming effects in the auditory identification task is inconsistent with age-related inhibition deficits.
Finally, if age differences in negative priming effects occur under some experimental conditions and not others (Kane et al., 1997; Zacks & Hasher, 1997) there should be heterogeneity in the age effect sizes in different experiments, demonstrating the effects of a moderator variable. Heterogeneity of effect sizes, however, was found in neither the Gamboz et al. (2002) nor the Verhaegen and De Meersman (1998a) meta-analyses.
Conclusions. Systematic and rigorous tests of the ID model's prediction of age differences in negative priming, identified as the best index of inhibition, have yielded conclusive results: No age differences in negative priming effects across a range of experimental Burke & Osborne 10 conditions. The theoretical mechanism underlying negative priming effects has become controversial (e.g., Chao & Yeh, 2004) and there is disagreement about whether negative priming is caused by inhibition or by episodic retrieval (e.g., Neill & Joordens, 2002; Strayer, Drews & Albert, 2002) . Some investigators postulate dual mechanisms with the involvement of either inhibition or episodic retrieval depending on experimental conditions (e.g., Kane et al., 1997; May et al., 1995) . Other investigators argue for an integrated model in which inhibition and episodic retrieval affect different components of selective attention (e.g., Tipper, 2001) . It is important to note that both of these positions are incompatible with predictions of the ID model because age invariance in negative priming has been found under conditions where dual or integrated mechanisms specify inhibition of distracters.
There are at least two important implications of the age invariance in negative priming.
First, these results require revision of the ID model because it proposes both that older adults suffer reduced inhibitory efficiency, and that inhibition decreases activation of distracting, irrelevant information, preventing its access to focal attention (Hasher, Lustig & Zacks, in press; Hasher et al., 1999) . One or both of these principles is inconsistent with the age equivalence in selective attention in this paradigm. Even if inhibition is banished from any role in negative priming, a step that has not been taken in the context of ID theory, the ID model's account of how distracting information is processed must be revised. Although, it has been suggested that inhibition may function to prevent attention from returning to ignored distracters after selection, rather than function to aid selection (May et al., 1995) , it is unclear how this is compatible with the "access" function of inhibition. Recent descriptions of the model have addressed neither this point nor the implications of the negative priming results.
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Second, there is no clear experimental measure of inhibition to replace negative priming.
The absence of an adequate measure of the process of inhibition is documented in studies that fail to find predicted correlations among different experimental measures of inhibition (e.g., Earles et al., 1997; Kramer et al.,1994) . The Stroop task has been used in aging studies as a index of the efficiency of inhibitory functioning (e.g., Sommers & Danielson, 1999) , but its validity as such an index is undermined by the absence of correlation among different versions of the Stroop task (Shilling, Chetwynd & Rabbitt, 2002) , the lack of independence of Stroop performance from other non-inhibition cognitive measures (Salthouse, Atkinson & Berish, 2003) and controversy about the mechanisms contributing to Stroop interference (Kane & Engle, 2003) .
Finally, there is evidence that age-related increases in Stroop interference is attributable to general slowing with age (Salthouse & Meinz, 1995) or age differences in other cognitive processes (Basak & Verhaeghen, 2003) ; no age difference in Stroop interference was found in a meta-analysis when slowing was taken into account (Verhaeghen & De Meersman, 1998b ; but see Spieler, Balota & Faust, 1996) .
When Mechanisms Compete: Sensory Processes and Inhibition
To identify the specific processes that are responsible for aging-related changes in cognition, it is essential to disentangle and isolate the contributions of different processes that affect cognitive performance. Sensory processes are ubiquitous in cognitive tasks and there is clear evidence that cognitive performance is affected by the integrity of sensory processes. Brown & Pichora-Fuller, 2000; Schneider, 1997) and, in vision, blurred retinal image (Artal, Ferro, Miranda & Navarro, 1993; see Schneider & Pichora-Fuller, 2000 for a review).
Sensory acuity not only correlates with level of cognitive performance in adults (e.g., Baltes & Lindenberger, 1997; Lindenberger & Baltes, 1994) , it is a causal influence in determining cognitive performance. Although some of the shared age-related variance between sensory acuity and cognitive performance may be attributable to a common cause such as neurophysiological functioning (Lindenberger & Baltes, 1994) , there is also evidence for a direct interspersed with irrelevant information which must be ignored, i.e., inhibited within the ID model. In order to read correctly in these studies, the participant must discriminate between italicized and normal font because the targets are written in one font and the distracters in the other (Carlson, Hasher, Zacks & Connelly, 1995; Connelly, Hasher, & Zacks, 1991; Ducheck, Balota & Thessing, 1998; Dywan & Murphy, 1996; Earles et al., 1997; Li, Hasher, Jonas, May, & Rahhal, 1998) . Older adults' reading was slowed by distracters more than young adults'
reading. These results were interpreted as showing that inhibition deficits in older adults allowed distracters to enter working memory thereby undermining the process of attending only to targets.
Is older adults' greater distracter interference with reading an effect of inhibition deficits?
There is a very strong non-inhibitory explanation that has not been addressed in these studies, namely that age-related declines in visual acuity are responsible for age differences in the effect of distracters on reading. Because auditory and/or visual acuity are related to performance on higher level cognitive tasks (Anstey, Dain, Andrews & Drobny, 2002; Baltes & Lindenberger, 1997; Schneider & Pichora-Fuller, 2000) , a critical issue is how visual acuity is controlled across age in studies of reading with distraction. The reading with distraction studies cited above, however, do not report visual acuity for their participants.
Even if we assume that these studies used the common practice of only including participants who reported corrected to normal vision, results of MacKay, Taylor and Marian These characteristics of older eyes would increase the difficulty of perceiving subtle visual variations required, for example, to differentiate italics and standard font in order to distinguish targets from distracters. If older adults are less able than young adults to see the difference between target and distracters, a prerequisite for selecting one and ignoring the other, they will appear to have inhibitory deficits. Indeed when discrimination between italics and standard font was no longer required for identifying the targets because targets were also spatially distinct from the distracters, no age differences in distracter interference were observed (Carlson et al., Burke & Osborne 15 1995) . Spatial separation would also reduce the impact of older adults' less accurate voluntary saccadic eye movement (Scialfa et al., 1999) .
One of the findings emerging from studies of reading with distraction is that distracters that are semantically related to the target text show larger age-related increases in interference than unrelated distracters (Carlson et al. 1995; Connelly et al., 1991; Li et al., 1998) . This finding is consistent with the principle that the difficulty of inhibiting irrelevant information increases with its similarity to the target (Lustig & Hasher, 2001 ). However, the age interaction with target-distracter similarity is compatible with age differences in sensory processing of the material because older adults compensate for sensory losses under conditions of difficult reading conditions by engaging in more top-down processing than young adults (e.g., Speranza, Daneman & Schneider, 2000) . Relying on top-down processes more than bottom-up sensory processes would increase the difficulty of differentiating targets and distracters when they are semantically related. Consistent with this interpretation, Duchek et al. (1998) did not obtain the typical finding of greater interference for older than young adults for related compared to unrelated distracters when the visual contrast between targets and distracters was increased by presenting targets in bold and upper case font. When the target is perceptually more distinct, older adults may rely more on bottom-up processes and less on top-down processes.
In sum, studies of reading with distraction have failed to include appropriate control of visual sensory processing across age. Age-related differences in acuity make differentiation of targets and distracters more difficult, influencing the effect of distraction, and this precludes interpretation of age differences in distraction effects as support for age-related deficits at a cognitive level, namely, in inhibition. Moreover, even when acuity is controlled across age, older adults' decline in other visual functions (e.g., contrast sensitivity, effective retinal illumination)
Burke & Osborne 16 impairs perception. Thus, controlling perceptibility of the stimuli across age is necessary to eliminate sensory processes as a cause of age differences in performance. Although, reading with distraction experiments lack such controls, experiments using other visual attention paradigms have eliminated age differences in performance when visual acuity was tested and controlled across age. For example, response compatible and response incompatible distracters had the same effect on responses to targets by young and older adults matched on visual acuity (Kramer et al., 1994) , except when brief exposure durations made perceptual processing more difficult (Madden & Langley, 2003) .
Auditory processing. Age differences in the effect of distraction on perception of target speech are parallel to those found in visual distracter studies: Older adults are impaired more by distraction in the form of background noise (speech or white noise) than young adults (CHABA, 1988; Pichora-Fuller, Schneider & Daneman, 1995) . In the literature on auditory processing, however, the contribution of sensory deficits to age differences in distraction effects is widely acknowledged (CHABA, 1988; Humes, 1996; Wingfield, Tun & McCoy, 2005) . Results from a series of recent studies support the view that age differences in sensory level processes, rather than in cognitive level processes such as inhibition, are responsible for the larger effects of auditory distraction in older adults (e.g., Li, Daneman, Qi & Schneider, 2004; see Schneider, Daneman & Pichora-Fuller, 2002 for a review).
Some of the most powerful evidence for the role of age-related sensory deficits comes from experiments that equate perceptibility of stimuli across age. Murphy et al. (1999) , obtained speech reception thresholds for each of their young and older participants and presented stimuli at 40-45 decibels above each participant's individual threshold. In three experiments each using a different paradigm to measure the ability to process target stimuli and ignore distracters, there Burke & Osborne 17 were no age differences in the distracter effect. Figure 2 shows the results for their homophone spelling task in which spoken homophones were preceded by a word biasing the less common spelling of the homophone, with the biasing word spoken in a target voice or an ignored voice.
As can be seen in the figure, when the biasing word was in an ignored voice, its effect on homophone spelling was reduced compared to when it was attended, and there were no age differences in the reduction. Under an ID model, the participant inhibited the ignored voice and this inhibition was responsible for the reduced effect of the ignored word. This suggests that with stimuli that are equivalent in perceptibility across age, older adults show no deficit in inhibiting distracting (ignored) information.
Schneider et al. (2000) tested comprehension of prose presented with or without background noise (babble). They adjusted the prose signal-to-noise ratio for each young and older adult based on the individual speech reception and babble thresholds. Immediately after listening to a passage, participants responded to detail and integrative questions. There were no age differences in correct answers to integrative questions in quiet and in two levels of noise, and no age differences for detail questions when listening in quiet or in a moderate level of noise, even when required to perform a concurrent task. Only at the loudest noise level did younger adults tend to recall more detail than older adults. Schneider et al also tested young and older adults under identical listening conditions, making no adjustment in signal-to-noise ratios to compensate for the poorer hearing of older adults. Under these conditions, older adults answered correctly fewer detail questions than younger adults, either in quiet or in noise; although there was no age difference for integrative questions, floor effects may have been a factor. Overall, the Schneider et al. results show that age differences in the effects of distraction can be erroneously attributed to age-related inhibition deficits rather than to basic sensory processes. Older adults'
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hearing deficits appear to negatively impact perception of specific words and this impairs performance on tests that require comprehension of these specific details.
Conclusions on language processing with sensory distraction. The role of age-related declines in visual sensory processes has typically been ignored in reading with distraction studies. Results from auditory distraction studies, however, present strong evidence that agerelated declines in bottom up sensory processing affect older adults' ability to differentiate targets from distracters. This is a non-inhibitory mechanism that needs to be carefully considered in future distraction studies testing the ID model.
Under the ID model, inhibition prevents activated but irrelevant information from entering conscious awareness (Hasher et al., 1999) . There are two sources of irrelevant information that becomes a candidate for inhibition. We have evaluated age differences in processing external irrelevant information that is perceived through bottom-up processes triggered by sensory stimulation. Irrelevant information can also be internal, self-generated through spreading activation processes such as top-down processes affecting stored representations that share conceptual properties with perceived information. A comparison of how young and older adults perform with irrelevant information from these two different sources is instructive. Inasmuch as older adults' suffer inhibitory deficits, their performance should be more affected than young adults' by both self-generated irrelevant information and sensory irrelevant information. On the other hand, if older adults' performance with distracters is impaired by declines in sensory processes, not by inhibition deficits, then age-related declines in performance would be obtained for sensory irrelevant information but not self-generated irrelevant information. Much of the evidence is consistent with the latter hypothesis.
Internally Generated Irrelevant Information
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There is little evidence for age differences in dealing with irrelevant information activated through top-down processes (see Burke, 1997) . If inhibition deficits allowed more irrelevant information from top-down processes to gain access to conscious awareness in older compared to young adults, one consequence would be greater variability in their responses in language production tasks. For example, in a word association task, irrelevant semantic information activated by the stimulus word would be more available for a response in older adults compared to young adults. It has been suggested that older adults are less able to use inhibition to eliminate esoteric or personal autobiographical responses from conscious awareness (Arbuckle & Gold, 1993; Zacks & Hasher, 1994) and this would predict more unique responses among older than young adults. However, no age differences were observed in three different measures of variability of word association responses: number of different words given as responses, number of unique responses, and proportion of responses that were the first or second most popular responses for that age group (Burke & Peters, 1986) . Zacks & Hasher (1997) argued that word associations are produced on the basis of automatic activation with little need for inhibition of distracters because of the strength of a primary associate which is automatically activated. According to this argument, age equivalence in variability occurs because there is a dominant, highly associated response that is available and appropriate (Hasher et al. 1999 ). This was not the case, however, for the Burke and Peters (1986) word association results because age equivalence was obtained even though there was considerable variability in responses. For example, 25-33% of the word association responses were unique responses given by a single participant and no one else; nonetheless, the percent of response competition nouns and thus age differences in performance should be greater for high than low response competition nouns. In studies investigating age effects, however, both young and older adults were faster to produce verbs for low than high response competition nouns, and there was no age difference in the magnitude of this effect (Baggette & Burke, 2005; Persson et al., 2004; Prull, Godard-Gross & Karas, 2004) . Both young and older adults also produced a smaller pool of verbs for low than high response competition nouns, and again the effect did not vary by age. The slower response time for verb production in the high response competition compared to the low response competition condition shows interference from internally generated, competing alternative responses, and under an ID model these alternatives should be Burke & Osborne 21 inhibited more effectively by young than older adults. Neither the response variability results nor the response latency results are consistent with the ID model predictions for age differences.
Studies of word production failures yield another measure of the ability to inhibit irrelevant self-generated information so that it does not access conscious awareness. One of the most dramatic word finding failures is the tip-of-the-tongue (TOT) state where a person is certain they know a word, but he or she is unable to retrieve it at the moment. Alternate words related to the target often pop into mind persistently even though the person knows they are incorrect (Burke, MacKay, Worthley, & Wade, 1991) . If older adults have more information cluttering working memory because of an impaired access function (Hasher et al., in press; Zacks & Hasher, 1994) , they should report more alternate words than young adults. Table 2 presents results from two studies reporting the probability of production of a persistent alternate word given the spontaneous occurrence of a TOT during everyday life. Older and young adults recorded information about the TOT experience in a structured diary (Burke et al., 1991; Heine, Ober & Shenaut, 1999) . Older adults reported more TOTs than young adults, but they reported persistent alternates for a smaller percentage of TOTs compared to young adults. The same age pattern has been reported in studies investigating lab-induced TOTs and the probability of persistent alternates (Burke et al., 1991; Maylor, 1990) . Thus when word production fails in a TOT, young adults are more likely than older adults to have an alternative but incorrect word come to mind. This has been explained in terms of weaker transmission of excitation in the lexicon for older than young adults (Burke et al., 1991; James & Burke, 2000) . The finding is clearly incompatible with the ID model that predicts that older adults are less able to keep consciousness free of irrelevant information that can impede completion of a goal (Hasher et al., Burke & Osborne 22 in press). Persistent alternate words, once they come to mind, do impede completion of the goal as they increase the time required for resolution of the TOT (Burke et al., 1991) .
Slips of the tongue are another type of production failure; the speaker produces erroneously a sound in the intended word, for example, substituting an incorrect sound (producing ripped when intending tipped) or omitting a sound (producing beach when intending breach). Using a technique for inducing slips in the laboratory, MacKay and James (2004) compared the types of speech errors made by young and older adults. Older adults were more likely than young adults to omit sounds whereas young adults were more likely than older adults to substitute a different sound. This result is the reverse of the predictions of age-related inhibition deficits. If older adults are less efficient in inhibiting irrelevant sounds or words during production, they should produce more of these in sounds when they make errors. In contrast to this, young adults, not older adults, seemed to have activated multiple irrelevant sounds which were available for production.
There is, however, evidence from studies of phonological neighborhood density effects on auditory word recognition that older adults are less able to suppress irrelevant internally generated words. Two words are considered 'neighbors' if they differ by the addition, subtraction or substitution of exactly one phoneme. Word with dense neighborhoods have many phonological neighbors and are more difficult to perceive than words with sparse neighborhoods, an effect attributed to lexical competition for recognition among phonologically similar words (Luce & Pisoni, 1998) . Sommers (1996; Sommers & Danielson, 1999) adjusted signal-to-noise ratios for young and older adults so that their accuracy in identifying sparse neighborhood (easy)
words was approximately the same across age. Identification accuracy declined from this level for dense neighborhood (hard) words, and the decline was greater for older than young adults.
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Sommers argued that older adults show a greater difficulty than young adults for high compared to low neighborhood density because they are inefficient in inhibiting competing alternative words during word recognition. Sommers and Danielson (1999) 
supported this interpretation by
showing that an interference score, derived from performance on an auditory switching task and an auditory Stroop task believed to measure inhibition, was related to identification of dense neighborhood words. Participants with high interference (poor inhibition) on the switching and Stroop tasks identified fewer hard words. Thus Sommers' findings are consistent with the ID model prediction that older adults will be more impacted than young adults by competing internal candidates for word recognition.
On the other hand, the auditory phonetic processing required for target word identification is more difficult when the target has a dense rather than a sparse neighborhood because dense neighborhood words require more fine phonetic discrimination to differentiate them from competitors (Bradlow & Pisoni, 1999) . Indeed, fine phonetic discrimination must precede inhibition processes because it is the basis for identifying which activated words deviate from the target phonetic structure and thus should be inhibited. Consistent with this, neighborhood density had a larger effect on groups of people who were less facile in perception of fine phonetic detail, for example, non-native speakers compared to native speakers (Bradlow & Pisoni, 1999) . However, Carter and Wilson (2001) reported no age difference in neighborhood effects in dichotic listening with older adults with mild hearing loss (although lexical frequency was confounded with neighborhood density in this study). Clearly, further research is needed to clarify the role of aging, sensory factors and inhibition deficits in neighborhood density effects.
Moreover, the theoretical basis for neighborhood effects must be reconciled with the ID model because Hasher, Zacks and colleagues have postulated that age-related deficits do not occur for Burke & Osborne 24 automatic inhibition processes such as those involved in word recognition (e.g., Lustig, Zacks & Hasher, this volume; Zacks & Hasher, 1997) .
Conclusions
Testing inhibition theories has been hampered by the difficulty of finding a behavioral measure that reflects the theoretical cognitive process of inhibition (Burke, 1997; Dell & O'Seaghdha, 1994; MacLeod, Dodd, Sheard, Wilson & Bibi, 2003) . Negative priming effects
were proposed as such a measure. Age differences in negative priming effects, however, are absent in most studies and in meta-analyses. These disconfirming results eliminated negative priming as a measure of inhibition. They have not, however, stimulated revision of the ID model so that it is consistent with the apparent age constancy in selective attention mechanisms in the negative priming paradigm. Rather, the response to the disconfirming results is based on circular reasoning: Older adults suffer inhibitory deficits and if a measure does not produce age differences it does not measure inhibition. This reasoning renders the ID model untestable. If we are to gain useful knowledge from the ID model, it must be revised to explain why older adults are unimpaired in some aspects of the regulatory function of inhibition, as revealed in performance in the negative priming paradigm within an inhibition framework.
Our review of research on reading and listening with distraction demonstrates the difficulty of developing a behavioral measure of inhibition. Inhibition of distracters assumes a prior process of perceptual analysis that differentiates targets and distracters. We have argued that older adults are impaired in this prior process because of aging-related sensory deficits. The negative effect of difficult sensory processing on cognitive level processes has long been known to cognitive psychologists (e.g., Rabbitt, 1968) . It is widely acknowledged in research involving spoken language that age differences in the difficulty of sensory processing affect cognitive Burke & Osborne 25 performance of young and older adults (CHABA, 1988; Humes, 1996; Schneider & PichoraFuller, 2000; Wingfield, Tun & McCoy, 2005) . This insight is less visible in aging research on reading with distraction. The strong form of our argument is that older adults are impaired in reading with distraction relative to young adults because they are less able to differentiate distracters and targets and this slows reading time. A weaker form of the argument is that the sensory processing of targets and distracters is more difficult for older than young adults and that this difficulty interferes with cognitive processes such as inhibition. In neither case is the primary age-related deficit in inhibition. The ID model is only testable if a valid behavioral measure of theoretical inhibition can be identified.
